INTRODUCTION
Large lakes have intrigued and fascinated humans since time immemorial; indeed, a significant portion of early hominid evolution transpired around the large lakes of east Africa. As with any familiar object, there are numerous clashes between facts and hypotheses, between what "everybody knows" and comprehensive observations. Ptolemy, in about 154 A.D., reported quite accurately on the location and sizes of the large east African lakes, Victoria, Tanganyika, and Malawi. Later, natural philosophers of the Enlightenment era thought these huge inland seas to be fabulous, for they reasoned that no large bodies of water could exist beneath the scorching equatorial sun (Guadalupi and Shugaar, 2001) . It took the intensive efforts of mid-nineteenth century European explorers to "discover" and map these lakes, complete with native towns and fishing and trading fleets (Burton, 1860; Speke, 1863; Baker, 1866) . Analogous clashes of thought and observations about lakes persist even into our day; although very large lakes are commonly termed "inland seas," they do not behave like small oceans, at least in the stratigraphic or geochemical sense (e.g., Bohacs, 1999 , Bohacs et al., 2000c Buoniconti, 2001) . Additionally, one might tend to think of large lakes as somehow distinctive and special in their origin and behavior. This thought does not, however, stand up under close scrutiny of either modern or ancient lakes (Bohacs et al., 2000b) .
Numerous observations of modern lakes and Phanerozoic lacustrine strata strongly indicate that lake size, shape, chemistry, and ecology are not simple functions of climatic humidity or tectonic subsidence. All lakes owe their existence and character to the nonlinear interaction of rates of potential accommodation increase and supply of sediment and water; potential accommodation is the space available for sediment accumulation below a lake's sill or spillpoint (Carroll and Bohacs, 1999) . A lake's size, chemistry, and biota can vary rapidly, and lake strata are punctuated by many widespread breaks Sladen, 1994; Bohacs et al., 2000a) . Rates of change can be extreme: lake level changes of 300 m in 10-20 k.y. are common throughout the Pleistocene (e.g., Street-Perrott and Roberts, 1983; Harrison, 1984, 1985; Contreras and Scholz, 2001) . For example, Lake Victoria changed from totally desiccated to the largest area lake in Africa, populated with over 300 fish species in less than 25 k.y. (Johnson et al., 1996) .
The responses of lake systems to climatic, tectonic, and other forcing functions are complex, and their stratigraphic records can be difficult to interpret. Lacustrine strata record various modes of lake response to changes in forcing conditions as a function of climate, tectonics, sediment supply, and inherited topography. As with so many other geological phenomena, the origin and existence of large lakes are contingently conditioned, and these "inland seas" can form in a wide variety of settings: convergent and divergent tectonics and both dry and wet climates.
Our paper presents the size and character of lake systems in the modern and ancient, investigates the ultimate controls of large lakes, and discusses insights that large lakes provide for all lacustrine and continental depositional systems.
Our main data sources cover 253 modern lakes from an extensive compilation by Herdendorf (1984) of modern lakes greater than 500 km 2 in extent, and 211 ancient lakes from Cambrian to Pleistocene (from Kelts, 1994, 2000; Carroll and Bohacs, 1999; and Bohacs et al., 2000a , along with other ExxonMobil proprietary studies). All of the data on modern systems are available in GSA Data Repository item 9916 1 ; most of the ancient examples are covered to some degree in the publications cited.
Based on these observations, our hypotheses are that large lakes do not form a particularly distinctive population and that lake size is not a particularly strong function of climate, latitude, altitude, origin, mixis, or water chemistry. We do see that lake size is an intricate function of four main factors: sill height, basinfloor depth, water supply, and sediment supply. We suggest that a variety of combinations of these factors can yield large lakesthat bigness is an accidental, and not an essential, attribute of a lake system.
MODERN LACUSTRINE SYSTEMS
When discussing large lakes, the first issue to be addressed is the measure of size, or which dimension of the lake is to be considered: volume, depth, area, or some combination of these measures (e.g., Hutchinson, 1957; Cole, 1979) . The answer depends on the scope and focus of one's investigation: in general, volume is of interest for investigating system hydrology and ecosystem issues; depth correlates mainly with mixis, distribution of biota, and water-sediment interactions; and area relates to trophic state, energy influx, and the lateral extent of lacustrine strata.
There is only a weak relation among these three measures of lake size. Table 1 lists the largest 10 in each size category and shows an imperfect correspondence among rankings. For instance, Lake Baikal is second in volume, first in depth, but seventh in area. Analysis of the lake data reveals a key insight: the deepest lakes are not necessarily the lakes with largest areal extent (Fig. 1A) . Also, it appears that maximum lake depth is the strongest factor in determining lake volume, and area is only a weak factor: r 2 = 0.64 for depth versus volume, but r 2 = 0.03 for area versus volume (even allowing for the auto-correlation inherent in these relations; Figs. 1B and C). Areal extent is the main focus of this paper because it forms the strongest link between depositional environment and the extent of its stratal record, but first we examine the other two measures of lake size.
The volumes of modern lakes follow a very strong trend with rank along a power-law distribution with a fractional exponent or dimension of 2.37 (r 2 = 0.97, n = 253; Fig. 2A ). Depth follows a reasonably consistent trend with rank (r 2 = 0.83, n = 253; Fig. 2B ) There appear to be several statistical populations in depth with two distinct breaks; however, all lakes deeper than 200 m follow a single trend. Finally, looking at area, the dimension on which we concentrate in this paper, we observe a very strong trend with area rank along another power-law distribution with an exponent of 1.20 (Fig. 3) .
These distributions reveal several interesting insights about whether very large lakes are somehow distinctive: All of the distributions are relatively continuous with no major gap between the largest lakes and the rest of the population, indicating that large lakes do not form an inherently distinct population. Furthermore, the strong correlation along a power-law distribution, especially for volume and area, suggests the existence of underlying controls that operate across the broad scale of lake sizes (cf. Goodings and Middleton, 1991; Turcotte, 1997) .
The shapes of the distributions, however, do show breaks in slope at about the upper decile (the top 20); the breaks in slope are distinct for depth but rather subtle for volume and area (Figs. 2 and 3) . These breaks suggest a potentially different population that spans the top 20 largest lakes. The following observations test whether there is a distinctively different population of large lakes and seek to reveal fundamental controls on lake size.
We examined a broad range of factors commonly suspected of controlling lake behavior to search for distinctive characteristics of large lakes and to reveal potential fundamental controls. We started with climate, specifically the precipitation-evaporation ratio (P/E). Figure 4 , with the 253 modern lakes in area rank order versus P/E, shows no obvious trend of larger lakes in wetter climates. Figure 5 shows P/E along with five other climate parameters, comparing the 20 largest lakes with all others; it also shows no significant difference between the largest lakes and the rest. In general, these relations indicate that lake size is not a strong function of climate parameters such as precipitation-evaporation ratio, annual precipitation, evaporation potential, actual evaporation, transpiration, or annual runoff. However, two-thirds of the entire population of modern lakes and the bulk of the 20 largest area lakes do occur in relatively dry areas with P/E between 0.5 and 1.6.
Latitude, a commonly used proxy for climate in studies of the ancient (e.g., Barron, 1990; Katz, 1990; Smith, 1990; Sladen, 1994) , also shows no strong relation with lake size, either for modern or ancient systems. Modern lake distribution more or less mirrors the present-day latitudinal distribution of land area (Fig. 6 ). The distribution of ancient lake strata shows a similar lack of strong latitudinal control (Fig. 7) . Other physical parameters of lake settings in the modern data also show no strong relation of lake size to any single parameter, including altitude (linear regression r 2 = 0.01) and drainage basin size (linear regression r 2 = 0.16).
In a converse sense, neither water chemistry (Fig. 8A ) nor mixis (Fig. 8B) shows a strong relation with lake size, except for the influence of the very largest modern lake, the Caspian Sea, which is brackish and meromictic. The Caspian Sea is five times larger than the next largest lake and hence significantly skews any statistical analysis of modern systems. Large ancient examples, however, also tend to record brackish, meromictic conditions, as discussed later in this paper.
Finally, the origin of a lake appears to have little control on size for most modern lakes (Fig. 9) . Of the 20 largest modern lakes, 11 are glacial in origin and eight are tectonic in origin, a legacy of the Pleistocene. Tectonic lakes, however, can be very significant: the Caspian Sea is as large as the next six largest modern lakes combined. Also, most geologically significant lake strata are tectonic in origin because of lake persistence in areas of 78 K.M. Bohacs, A.R. Carroll, and J.E. Neal A Volume rank order B Depth rank order Figure 2 . A: Volume-size distribution of 253 modern lakes (>500 km 2 in area) and listing of 10 largest volume lakes. Relation closely follows a power-law distribution with an exponent of 2.37 over five orders of magnitude of volume. This apparent fractal character suggests some unifying influence on lake volume. B: Depth-size distribution of 253 modern lakes (>500 km 2 in area) and listing of 10 deepest lakes. Relation overall follows a power-law distribution with an exponent of 1.67 over three orders of magnitude of depth. The overall distribution has two distinct breaks at 8 m and 200 m that segment it into three populations, suggesting a multifractal character.
Figure 3. Surface-area-size distribution of 253 modern lakes (>500 km 2 in area). Relation very closely follows a power-law distribution with an exponent of 1.20 over more than three orders of magnitude, suggesting lake systems are scale invariant within this range. This fractional distribution has same exponent as that of erosional topography (Huang and Turcotte, 1989; Turcotte, 1997) . Two components of the tectonic setting influence lake character: lake-floor subsidence and sill uplift. In the modern data it appears that uplift of the sill or spill point is as common a control as lake-floor subsidence (Fig. 11 ). All lakes owe their origin to some impediment to the free through-flow of water through the depositional system (e.g., Hutchinson, 1957) ; in tectonically active settings, structural uplift of a sill or spillpoint appears to be very effective in forming lakes. In an analogous manner, ancient examples indicate that convergent settings that impede drainage can form lakes as large, or larger than, divergent or rift settingsthat extensional subsidence of a lake floor is not the exclusive mechanism that produces potential accommodation (Bradley, 1925; Carroll et al., 1995; Kelts, 1994, 2000; Bohacs et al., 2000a) .
In summary, the modern data shows no strong relation of lake size with climate, latitude, mixis, water chemistry, drainagebasin area, or altitude. Significantly, in all of the data, there are no
Lessons from large lake systems Figure 5 . Distribution of various climate parameters according to lake-area size rank for 253 modern lakes >500 km 2 in area. Note lack of significant differences between 20 largest lakes and remaining 233 lakes. Box-and-whisker plots range from minimum to maximum, with central two quartiles denoted by box and median by central line. Figure 6 . Cross plot of latitude with lake-area size for 253 modern lakes (>500 km 2 in area). There is no strong relation of lake size with latitude even for lakes of glacial origin-the distribution mostly mirrors presentday distribution of land area. systematic or significant differences between the 20 largest lakes and the rest of the 233 modern lakes larger than 500 km 2 in area. The largest modern lake, the Caspian Sea, is tectonic in origin, controlled mainly by sill uplift, and occurs in a convergent setting under brackish, meromictic waters. It has much in common with the large, ancient lacustrine systems discussed below.
ANCIENT LACUSTRINE SYSTEMS
Pleistocene glacial lakes and pre-Pleistocene ancient examples lie close to the same power-law distribution as modern lakes over four orders of magnitude of area, despite progressively lower spatial resolution of the data (Fig. 12) . This again points to fundamental controls that operate on all lakes of all ages. When searching for these fundamental controls, we commonly find relations such as those demonstrated by the Green River and associated formations in the Eocene of Wyoming (Fig. 13) . There, the largest areal extent occurs in a brackish, shallow lake; the thickest cumulative stratal record results from the most shallow and evaporitic lake; and the smallest areal extent represents a freshwater lake with the thickest individual depositional sequences. All of these changes occurred under relatively stable climate conditions (Horsfield et al., 1995; Carroll and Bohacs, 1999; Wilf, 2000) . Similar trends are seen in many other basins (Bohacs et al., 2000a) , for example, the Permian Hongyanchi, Jingjingzagao, and Lucagao Formations of western China discussed by Carroll (1998) .
Looking at the place of large lakes in basin-fill evolution, several investigators observe that the deepest lake strata form commonly at mid-rift phase and the largest-area lake strata occur 80 K.M. Bohacs, A.R. Carroll, and J.E. Neal Figure 7 . Distribution of selected ancient lake strata versus paleolatitude. As with present-day lakes, there is no strong relation of lake size or existence with latitude. Ancient lake strata are as prevalent in middle to high paleolatitudes as in low paleolatitudes. These ancient examples range in age from Devonian to Miocene. Fresh-water lakes are not significantly larger than other lake types. The largest modern lake, the Caspian Sea, has brackish waters. B: Distribution of lake-area size according to lake mixis state for 20 largest area modern lakes. Note lack of significant differences among 20 largest area modern lakes, and that the largest modern lake, the Caspian Sea, is meromictic. Box-and-whisker plots range from minimum to maximum, with central two quartiles denoted by box and median by central line.
B Mixis of Largest 20 Modern Lakes
at the transition from rift to sag phase or early sag phase (Ebinger et al., 1987; Lambiase, 1990; Bohacs et al., 2000a) . Figure 14 illustrates a representative example from the Cretaceous strata of the Songliao Basin, China. Seismic sections with successively younger datums show that the thickest sequences in the Quantou 3 and 4 Formations formed in active half-grabens and the most areally extensive Qinshankou 1 Formation in the overlying sag phase (Schwans et al., 1997) .
These ancient examples, along with many others (e.g., Rosendahl, 1987; Schlische and Olsen, 1990; Strecker et al., 1999) , show that the largest-area lakes tend to form at moderate subsidence rates under brackish, meromictic waters developed under intermittently open hydrologies. Overall, the size and evolution of the container is a very strong control on lake character; the basin accommodation affects the hydrologic balance.
SEARCH FOR FUNDAMENTAL CONTROLS
The data considered so far show no obvious relations among modern lake size and any of the usually considered controls. Indeed, 15 of the largest 20 modern lakes have freshwater, open hydrologies, but the very largest (by a factor of 4.5) has a brackish, closed hydrology. Ancient lake strata lie along the same areal-size distribution as modern lakes with no significant break.
The larger ones do, however, tend to indicate deposition under intermittently open hydrologic conditions. To move beyond these simple descriptions to a deeper understanding, it would be useful to develop insights into the root causes or controls on lake sizethe interrelation of lake genesis, character, size, and the nature of lake-system dynamics. One possible path towards this goal is indicated by a closer examination of the size distributions and detailed behavior of lake hydrology.
The distributions of volume, depth, and area along powerlaw trends with fractional exponents suggest a self-similar or fractal character of lake size. They further suggest the existence of unifying controls underlying these attributes (e.g., Goodings and Middleton, 1991; Turcotte, 1997) . Fractal geometry is an effective way of describing natural objects, where traditional Euclidean geometry is found wanting. ("Clouds are not spheres, mountains are not cones, coastlines are not circles, and bark is not smooth, nor does lightning travel in a straight line," Mandelbrot, 1982, p. 1.) Extensive work has shown that landscapes can be characterized well by fractal geometries and their evolution analyzed profitably by using concepts of nonlinear dynamics (e.g., Turcotte, 1997) . Lakes are an important component of landscapes, and both are constructed by tectonic, erosive, and depositional processes. Many of the tools used in these analyses of landscape formation may also be useful for explaining lake size distributions and understanding their formation.
Volume closely follows a power-law distribution with a fractional exponent or dimension of 2.37 (r 2 = 0.97, n = 253; Fig. 2A ). Lake area also has a strong power-law trend with an exponent of 1.20, which is equivalent to the fractal dimension of the lateral distribution of erosional topography (Huang and Turcotte, 1989; Turcotte, 1997) . This trend covers more than four orders of magnitude when ancient lake examples are included (Fig. 3) . This is a satisfying result, as the area of a lake effectively defines a closed topographic contour.
Depth also follows a power-law distribution with an overall fractional dimension of 1.67 (Fig. 2B) , similar to that of elevation hypsometry (e.g., Turcotte, 1997) . There are, however, two distinct breaks in the distribution, at 200 m and 8 m depth. This agrees with the conclusions of workers who analyzed topographic fields and observed intertwined fractal subsets with different distributions or scaling exponents (e.g., Lavallée et al., 1993) . These breaks suggest a multifractal character of lake bathymetry (Benzi et al., 1984; Frisch and Parisi, 1985; Feder, 1988; Stanley and Meakin, 1988) and the existence of several fundamental controls or processes that influence maximum depth.
Thus, all of these strong trends indicate that lake systems are scale invariant and bear the spatial signature of self-similar fractal objects (Bak et al., 1987 (Bak et al., , 1988 ; also see Rodríguez-Iturbe and Rinaldo, 1997) . Nonlinearity is a necessary condition for scale invariance and fractal distributions (Turcotte, 1997) . All geologists are familiar with the concept of scale invariance, that without an object for scale, it is commonly impossible to determine whether a photograph of a geological feature covers 10 cm or 10 km. The concept of self-similar fractal Figure 9 . Distribution of lake-area size according to lake origin for 253 modern lakes >500 km 2 in area. There are minimal differences among most modern lakes, although Caspian Sea of tectonic origin is main outlier. Box-and-whisker plots range from minimum to maximum, with central two quartiles denoted by box and median by central line.
geometry is closely related: such fractal objects look similar at any scale of magnification. Unlike the surface of a three-dimensional Euclidean sphere, which looks less curved with increasing magnification until it resembles a two-dimensional plane, a self-similar fractal object shows continuously more detail with increasing magnification. The area-size distribution indicates that lakes have self-similar fractal geometries; without a scale, it is difficult to determine the altitude from which an aerial photograph of a lake was taken (Figs. 3 and 15) . Other consequences of nonlinearity not quite so familiar to many geologists also provide valuable insights into the genesis of large lakes. The size distributions and attributes suggest the existence of underlying controls that operate across a broad scale of lake sizes. The nonlinear approach also helps us reconcile how relatively subtle differences among lake attributes can result in such a large range in lake sizes.
Integrating information from all the modern and ancient examples allows us to postulate these underlying controls on lake systems. At the most fundamental level, it appears that two factors are essential for the existence of a lake: water is necessary but not sufficient, and there also must be a hole in the ground to contain the water and sediment (Hutchinson, 1957; Cole, 1979) . The hole in the ground or lake basin has two key controls: lakefloor subsidence and sill uplift, and it is the integrated effect of the height of the sill relative to the lake floor that controls the existence and nature of the lake. The space below the sill/thresh- Figure 10 . Areal extents of selected ancient lake strata of tectonic origin. Tectonic lakes are geologically important because of persistent accommodation that allows accumulation of significant volumes of lacustrine strata. These ancient examples range in age from Devonian to Miocene. Figure 11 . Surface-area-size distribution of 253 modern lakes >500 km 2 in area according to major control on origin: sill uplift (U) or lake-floor subsidence (S). Note that uplift or convergence is as common as lakefloor subsidence or divergence in influencing lake formation. Figure 12 . Surface-area size distribution of 253 modern lakes >500 km 2 in area, with nine Pleistocene glacial lakes and 14 pre-Pleistocene ancient examples. Data still closely follow power-law distribution for modern lakes alone, with an exponent of 1.20 over more than four orders of magnitude in area, indicating lake systems are scale invariant and selfsimilar throughout this range. This suggests that fundamental controls operate on lakes of all ages. Figure 13 . Representative example of relations among lacustrine stratal areal extent, thickness, and lake character taken from Eocene Green River and associated formations of Greater Green River Basin, southwestern Wyoming. Largest areal extent occurs in a brackish, shallow lake; thickest cumulative stratal record results from the most shallow and evaporitic lake; smallest areal extent represents a freshwater lake with the thickest individual depositional sequences. All of these changes occur under relatively stable climate. Cross section modified from Roehler, 1993 ; maps modified from Sullivan, 1980. old (or potential accommodation) can be filled with any combination of sediment and water (Fig. 16) . Lake-basin volume or potential accommodation relative to the supply of sediment and water controls the very existence of a lake, along with its character and areal distribution through evolving hydrology (see discussion in Carroll and Bohacs, 1999) . If the lake level is at the sill elevation on average, the lake will have a dominantly open hydrology and will frequently overflow, with minimal changes in lake level, area, depth, or volume (Fig. 17A) . If lake level is near sill elevation on average, but intermittently drops below the sill, the hydrology will vary between open and closed, and the lake level curve will be a clipped waveform (Fig. 17B) . At the extreme, if lake level is always below sill elevation, the lake will have a closed hydrology and will never overflow, but this is the only way to get a fully unconstrained cycle of lake level and widely varying lake area (Fig. 17C) . These considerations give us a very direct indication of the nonlinear nature of lake systems-the height of the sill relative to lake level controls how changes in water input due to climate, for instance, are felt and recorded by the lake. The system response is strongly influenced by a physical threshold: the sill or spillpoint.
We interpret that these three modes of lake-level responsedominantly open, intermittently open, and dominantly closedare recorded in lacustrine strata that can be grouped into only three main facies associations, based on all parameters: stratigraphy, lithology, paleontology, and organic and inorganic geo-84 K.M. Bohacs, A.R. Carroll, and J.E. Neal 
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Actual Accommodation Sill
Open Open Figure 16 . Schematic diagram of key controls on lake formation and character: basin-floor subsidence relative to sill-height uplift. Lakes contrast with oceanic systems because there is a distinct upper limit to available accommodation, defined as potential accommodation (volume below spillpoint or sill of lake basin). This potential accommodation can be filled with various combinations of sediment and water to yield an open (overflowing) hydrology. Thus, rate of potential accommodation change relative to supply of sediment and water controls the lake's very existence as well as its character and areal distribution through evolving hydrology.
Water Supply In Lake Level Response Lake level at sill . Height of sill relative to lake level controls how changes in water input (due to climate, for instance) are felt and recorded by a lake. For same amount of variation in sediment + water supply, three distinct responses of lake level are possible, depending on preexisting condition of lake system. System response is influenced very strongly by a physical threshold-the sill or spillpoint. This sensitive dependence on initial conditions and non-unique response to similar inputs give direct indication of nonlinear nature of lake systems.
chemistry (Carroll and Bohacs, 1999; Bohacs et al., 2000a) . The lacustrine facies associations and their interpreted lake-basin types are summarized in Table 2 . The mostly open hydrology lake with fresh waters (due to continual flushing) corresponds to the overfilled lake basin type marked by the fluvial-lacustrine facies association . Its stratal record is dominated by progradational stacking of mostly clastic lithologies. The intermittently open hydrology lake, whose waters typically fluctuate between alkaline/saline and fresh, corresponds to the balanced-fill lake basin type marked by the fluctuating profundal facies association . Its stratal record is a mixture of progradational and aggradational stacking of both clastic and biogenic/chemical lithologies; this is enhanced by concentration of solutes during its closed hydrology phases. These facies are commonly the most laterally extensive in a particular lake system. The dominantly closed hydrology lake, with saline to hyper-saline waters, corresponds to the underfilled lake basin type marked by the evaporative facies association . Its stratal record is dominated by aggradational stacking of widely varying mixtures of rock types-clastic, biogenic, and chemical-with a significant component of evaporative lithologies.
We observe very few intermediate cases, which indicates that this system is almost intransitive and may represent self-organized criticality (Bak et al., 1987 (Bak et al., , 1988 . For example, the strata of different lake-basin types are typically sufficiently distinct that they are the basis for dividing many formations that record lake deposition into subunits; each member, tongue, or bed commonly represents deposition in a different lake-basin type (Table 3) . Hence, it is appropriate to use the terminology of nonlinear system dynamics, and it may be helpful to consider each lake-basin association as a strange attractor or a pattern of behavior that complex systems more or less replicate over the long term (Smale, 1967; Ruelle and Takens, 1971; Ruelle, 1980; Glieck, 1987) .
We represent these lake-basin types on a phase diagram to indicate where each lacustrine and nonmarine environment is most likely in terms of rates of potential accommodation and sediment and water supply (Fig. 18 ). This shows that continental depositional systems possess two fundamental bifurcations, or breakpoints, in system behavior between the types of systems or strange attractors-perennially open hydrologies equating to fluvial systems and perennially closed hydrologies that favor only aeolian systems and playas. Lakes, with intermittently open and closed hydrologies, are most likely to form between these two bifurcation points. The concept of bifurcation can be seen as separating the continental sedimentary realm into three main types of systems that each have fundamentally different behaviors and sets of controls. Fluvial systems are open, dynamical systems with throughput of energy, sediment, and water. They provide only temporary storage of transport load and medium; they respond mainly to discharge rates, erodibility, and gradients, mostly the sediment + water variable (e.g., Leopold et al., 1964; Bull, 1991) .
Lakes are selectively open dynamical systems, intermittently bypassing energy and water, but permanently storing most sediment. They respond to rates of both sediment + water supply and potential accommodation subequally. Internally drained systems are permanently closed with no throughput of energy, water, or sediment. They receive minimal overland input of sediment; in the absence of overland water flow, other transport processes dominate, such as aeolian and slope failure. Along with direct precipitation and evaporation, they respond mainly to local land slope and relief, which are mostly potential accommodation changes (e.g., Blair and McPherson, 1994) . This approach, therefore, can provide a unified framework for understanding the dynamical basis of continental deposits and the interrelations among and evolution of fluvial, lacustrine, and aeolian/playa strata.
These considerations of strange attractors and bifurcationsalong with the empirical observations of the common occurrence of fractal relations and indications of scale invariance and selfsimilarity over four orders of magnitude in the modern lake data--suggest it is appropriate and potentially very useful to treat modern and ancient lakes as nonlinear dynamical systems.
The nonlinear approach is supported by well-documented cases and analyses of catastrophic shifts between alternative stable states in modern lake ecosystems (Scheffer et al., 1997; Carpenter and Pace, 1999) . The most dramatic and well-studied case is the sudden loss of water transparency and lake vegetation that occurs in shallow lakes as a consequence of human-induced eutrophication (Scheffer et al., 1993; Jeppesen et al., 1999) . Here, the pristine state of clear water and abundant submerged vegetation is altered abruptly by algal blooms fertilized by increased nutrient input. However, this change occurs only above a critical Figure 18 . Lake-basin-type phase diagram, illustrating stability fields of major continental depositional systems in potential-accommodationsediment + water supply space (after Carroll and Bohacs, 1999) . The lack of significant intermediate cases between lake-basin types indicates that lake systems are almost intransitive in behavior and represent selforganized criticalities. It also suggests that lake-basin types might be considered as strange attractors.
threshold in nutrient concentration when algal production exceeds the consuming capacity of endemic organisms, and the lake waters shift rapidly from clear to turbid, causing the submerged vegetation to largely disappear. The rapid disappearance of the Aral Sea and large fluctuations of the Caspian Sea, Lake Chad, and maritime Antarctic lakes are other clear examples of this nonlinear behavior (Mohler et al., 1995; Quayle et al., 2002) .
The lake phase diagram highlights the position of the balanced-fill lake basin type, whose laterally extensive strata typically record brackish, meromictic conditions at intermediate rates of potential accommodation relative to sediment + water supply. This agrees with our observations of the most likely conditions for large lakes in the ancient. Balanced-fill conditions appear to represent an optimum hydrologic history for large lakes: closed long enough to pond abundant waters, but not too long to allow too much water to evaporate.
In summary, the size distributions suggest a nonlinear character of lake systems. Further examination reveals other signs of nonlinear behavior in lake systems: different responses to similar input depending on antecedent lake conditions, sensitive dependence on initial conditions of lake origin, and scale invariance. All of this indicates that the formation of large lakes is not deterministically controlled, but depends on convergences of causes: lake size is contingent on proper combinations of controls and not on unique factors of climate or tectonics alone.
INSIGHTS FOR INTERPRETATION, PREDICTION, AND FURTHER WORK
This is all very interesting, of course, but what does it teach us that we didn't know before? The insights and work of the nonlinear dynamics community (e.g., Middleton, 1991; Turcotte, 1997; Rodíguez-Iturbe and Rinaldo, 1997; Scheffer et al., 2001) provide potentially useful tools and approaches for interpreting lacustrine behavior and an appropriate path towards quantitative modeling. Their approach and results from analogous dynamical systems should help us appreciate what is and is not possible to extract from records of lake-systems behavior-what aspects of the system might be fruitful to pursue and which we can never know from the stratigraphic record. The world is fundamentally nonlinear, and our investigations, models, and conclusions must take that into account.
One possible application of this approach might be in estimating the range of areas covered by ancient lake strata in a basin, analogous to estimating sizes of oil fields or ore bodies (e.g., Turcotte, 1997) . Different periods of lake expansion and contraction are commonly mapped as distinct members of a formation (e.g., Green River Formation, Fig. 13 , Table 3 ). The distribution of estimated lake sizes of individual members can be compared to the expected distribution shown in Figure 3 as a check for reliability. The same distribution could be used to interpolate the sizes of incompletely sampled lake members, for instance, in the subsurface. This approach also allows determination of the parent-population characteristics from sampling truncated by seismic resolution or outcrop limitations (following the approach of Molz and Boman [1993] and Crovelli and Barton [1995] ) and provides another, potentially higher resolution approach to estimating volumes of buried organic carbon, for example.
The nonlinear approach also indicates that, in the search for proximate causes of large lakes, it is not as straightforward as supposing "tectonics provides the hole in the ground and climate supplies the fill." Their complex interactions force us to obtain external data independent of stratal geometries and lithofacies to attribute a particular response or stratal character to climate or tectonics, for example, isotopic data about water input, direct dating of fault movements, or paleobotanical analysis of upland vegetation (Talbot and Kelts, 1989; Gawthorpe et al., 1994; Wilf, 2000; Cross et al., 2001; Wolfe et al., 2001; Rhodes et al., 2002) .
For example, we may wish to investigate controls of the two fundamental state variables for lake behavior: potential accommodation and sediment + water supply. It is tempting to equate these with the more traditional controls of tectonics and climate, but a closer examination through the nonlinear approach reveals how intricately interwoven and non-independent these "controls" are. Potential accommodation is certainly a function of tectonics, but it has three distinct components: First, basin-floor subsidence is a function of tectonics and sediment load-but sediment load is strongly influenced by climate and geomorphology (e.g., Garner, 1957; Wilson, 1973; Fuller et al., 1998; Leeder et al., 1998) . Sill movement is also influenced by tectonics, but also by erosion and stream piracy; thus, once again, it is affected by climate and geomorphology. Finally, basin shape is mostly controlled by tectonic evolution (e.g., Rosendahl et al., 1986; Withjack et al., 1995; Gawthorpe and Leeder, 2000) , but also by inherited accommodation, which is a function of sediment supply over time. Similarly, sediment + water supply is not a simple function of climate, for climate itself is nonlinear (e.g., Lorenz, 1963) , and there is a strongly nonlinear relation of water supply to sediment supply due to the nature of sediment transport, strong memory in the watershed system, and significant hysteresis and sensitivity to the direction of change (e.g., Garner, 1957; Wilson, 1973; Fuller et al., 1998; Leeder et al., 1998) . For instance, a very dry climate may have abundant mechanically weathered sediment, but insufficient precipitation to provide persistent transport. Thus, it would yield little clastic sediment. Sufficient precipitation to provide persistent transport will also support abundant vegetation (in post-Devonian time) that acts as baffles and traps, and so it will also yield little clastic sediment. Most sediment yield to a lake tends to occur during changes between persistently wet and dry conditions, and the direction of change makes a difference: increasing precipitation from a very dry climate tends to yield abundant, mechanically weathered clastic sediments until pervasive plant growth occurs, whereas decreasing precipitation from a very wet climate will not yield abundant coarse clastic sediments until the system crosses the threshold for a significant decrease in vegetation and a change from the dominantly chemical weathering of the wet phase (e.g., Einsele and Hinderer, 1998) .
CONCLUSIONS
Ultimately, lake size and character are functions of both current and inherited conditions. Lake-system responses and their stratigraphic record can be several steps removed from obvious causes. Nonlinear theory indicates that deconvolving climate and tectonic signals using stratal geometries and lithologies is not just hard in a practical sense, but theoretically impossible (e.g., Lorenz, 1963; Bergé et al., 1984; Middleton, 1991; Shaw, 1991) . One must delve more deeply into aspects of the lake system that are directly sensitive to the climate or tectonic parameters sought, e.g., isotopes, organic matter evolution, and upland vegetation.
To understand how a lake system will react to and record a particular change in climate, one must have some insight into the preexisting state of the lake (e.g., Fig. 18 ). Apparent quasi-periodic variations in stratal character may be related to climate changes, but care must be taken to ensure that the lake system did not cross a critical threshold or change lake-basin type within the interval under consideration for deconvolution.
From this analysis, we see that lake systems are difficult to predict in detail, as they are nonlinear systems that are exponentially sensitive to boundary conditions. We see that lake size and character is a complex function of four main state variables: (1) basin-floor depth, (2) sill height, (3) water supply, and (4) sediment supply. Most importantly, modern and ancient examples demonstrate that a variety of combinations of factors can yield large lakes and that bigness is an accidental and not an essential attribute of lake systems (to use the precise and well-established terminology of Aristotle). In such systems, slightly different input can result in widely different results, and different inputs can result in generally similar results: the issues of divergence and convergence of causes and effects with which geomorphologists regularly wrestle (e.g., Schiedeggar, 1991) . Hence, one cannot automatically assume that a significant change in lake size or character is due to large changes in forcing functions. It indicates that one must be extremely cautious when assigning extreme size to extreme causes or when interpreting quasi-periodic stratal changes in terms of periodic forcing functions (e.g., Lorenz, 1963; Olsen et al., 1978; Renaut and Tiercelin, 1994; Olsen and Kent, 1996; Cole, 1998; Prokopenko et al., 2002) .
